Sterols regulate biological processes and sustain the lateral structure of cellular membranes. The sterol cholesterol, its precursor lanosterol, the plant sterols stigmasterol and ergosterol as well as 7-dehydrocholesterol were added up to 36 mol-% to vesicles of the phospholipid 1,2-dipalmitoyl-snglycero-3-phosphatidylcholine (DPPC). The aim of this study was to investigate the influence of the sterol side chain and ring structure on the volumetric properties of the lipid bilayer system by using pressure perturbation calorimetry (PPC), a relatively new and efficient technique, to study the thermal expansion coefficient and volumetric properties of biomolecules. The experiments were carried out in the temperature range from 10 to 85 • C, i. e., at temperatures below and above the chain-melting transition temperatures of the lipid mixtures. Additionally, corresponding differential scanning calorimetric (DSC) measurements were carried out. Whereas the conformational properties of the different sterols have a significant effect on the order parameter of the lipid acyl-chains, the thermodynamic parameters of these sterols are less influenced by the differential structural changes of the sterols. For lanosterol and stigmasterol, marked differences are found, however.
Introduction
Sterols, such as cholesterol, are important for the structural, dynamical as well as functional properties of biological membranes [1 -4] . They are found in high concentrations (even up to about 50 mol-%) in plasma membranes of animal and higher plant cells, but in markedly lower concentrations in intracellular membranes where they are synthesized. A considerable amount of research has been devoted to elucidate the different biological functions of sterols and to understand the physical basis for their evolution by investigating the role of sterols in modulating physical properties of artificial and biological membranes, and to unravel the relationship between their function and molecular structure [1 -7] .
Cholesterol (see Fig. 1 ) has a hydrophobic and planar fused tetracyclic ring structure with two β -oriented methyl groups at positions 10 and 13, a branched extended iso-octyl side chain at position C17, and a hydrophilic β -oriented hydroxyl group at position C3.
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The sterol ring orients itself parallel with the acylchains of the membrane phospholipids, with its 3 β -OH group in proximity to the phospholipid ester carbonyl oxygen at the lipid-water interface. Van der Waals interactions between the lipid acyl-chains and the sterol ring as well as its branched side chain seem to be the most important contributions stabilizing cholesterol-phospholipid interactions. It has been demonstrated by a variety of physical techniques [7] that cholesterol has a "condensing" (ordering) effect on the packing of phospholipids in their fluid-like (liquidcrystalline) state, because the rigid ring structure of the sterol limits the possibility for cis-trans isomerizations and kink formation of neighboring lipid chains, and a disordering effect below the chain-melting transition, i. e., in the gel state of the lipid bilayer. The extent of these effects depends on the detailed molecular structure of the lipid, but probably also on the sterol conformation and stereochemistry [5 -30] . Whereas structural and dynamical properties of these systems have been studied to a significant extent, there is a lack of knowledge of thermodynamic functions of these systems [31 -34] . In this study, we investigated volumetric properties of lipid vesicles of the common phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), containing different amounts of various sterols up to 36 mol-% sterol.
DPPC phospholipid bilayers exhibit two principal thermotropic lamellar phase transitions, corresponding to a gel-to-gel (L β -P β ) pretransition and a gelto-liquid-crystalline (P β -L α ) main transition at T m ≈ 41.5 • C [35] . In the fluid-like L α phase, the hydrocarbon chains of the lipid bilayer are conformationally disordered, whereas in the gel phases, the hydrocarbon chains are more extended and relatively ordered. In general, sterol molecules are, in contrast to phospholipids, essentially rigid and relatively smooth in their hydrophobic parts. They prefer to have next to them lipid acyl-chains that are ordered. On the other hand, because the sterols have different molecular shapes owing to conformationally ordered lipid chains, they tend to break the lateral packing of solid-ordered (s o ) phases. This can lead to the emergence of a physical state of lipid-sterol membranes, which has characteristics intermediate between solid-ordered and liquiddisordered (l d ), viz. the liquid-ordered (l o ) state. In recent years, cholesterol-rich liquid-ordered (l o ) structures have received much attention in membrane biophysics. A hypothesis has been put forward that socalled rafts, which are liquid-ordered domain structures enriched in cholesterol and sphingolipids, exist in cell membranes and have potential functional importance in processes such as intracellular membrane sorting and signal transduction at the cell surface [36] . Only for selected phospholipid-sterol systems, temperature-concentration phase diagrams are available [7, 20 -26] . They exhibit the one-phase regions l d (liquid-disordered), s o (solid-ordered), and l o (liquid-ordered). In addition, l o +s o and l o +l d twophase coexistence regions -separated by a three-phase line -are found in the intermediate sterol concentration range at low and high temperatures, respectively. (The terms 'solid' and 'liquid' characterize mainly the fluidity of a phase, whereas 'ordered' and 'disordered' indicate the conformational state (order parameter) of the lipid acyl-chains.) At sufficiently high temperatures, the l o +l d two-phase regions seem to be terminated in a critical point.
The focus of our study was to identify and characterize the differential effects of various sterols ( Fig. 1 ) including cholesterol, ergosterol (which is essential in some fungi or protozoan cells), the plant sterol stigmasterol, trans-7-dehydrocholesterol (7-DHC), and lanosterol, the evolutionary precursor of cholesterol, on equilibrium volumetric properties of the DPPC bilayer membrane and to relate these effects to the difference in their molecular structure. To this end, pressure perturbation calorimetry (PPC) has been used, which allows determination of the temperature depen-dence of the coefficient of expansion, α, as well as volume changes accompanying lipid phase transitions. The PPC measurements were carried out over a wide temperature range in order to cover all relevant phase regions of these DPPC-sterol mixtures. Complementary DSC thermograms were also recorded to reveal temperature-dependent phase changes.
Materials and Methods
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DP PC) was obtained from Avanti Polar Lipids (Alabaster, AL). Cholesterol, 7-dehydrocholesterol (7-DHC), lanosterol, and stigmasterol were obtained from SigmaAldrich (St. Louis, MO), while ergosterol was obtained from Fluka, Germany. All sterols were purchased as dry powders and used without further purification. Multilamellar vesicles (MLV) of DPPC and sterol with designated mole ratios were mixed in chloroform and dried as a thin film under a stream of nitrogen and then freeze-dried overnight. The lipid films were hydrated in a Tris-HCl buffer (10 mM Tris-HCl, 100 mM NaCl, pH = 7.4), followed by vortexing and five freeze-thaw cycles.
Pressure perturbation calorimetry and differential calorimetry measurements were performed with a MicroCal (Northampton, USA) VP-DSC micro-calorimeter, equipped with a pressurizing system from the same manufacturer. The reference cell was filled with the Tris-HCl buffer solution. Both buffer and lipid/ sterol solutions were degassed before being injected into the respective cells. Included in the standard VP-DSC instrument is a pressuring cap that allows application of 1.8 bar to the cells in order to avoid air bubbles at elevated temperatures. The instrument was operated in the high-gain mode at a scanning rate of 40 • C h −1 . Baseline subtraction (pure buffer) and normalization with respect to scan rate and concentration were performed by the instrument software, yielding the temperature-dependent apparent (excess) molar heat capacity of the lipid/sterol vesicles, C p , with respect to the buffer solution. The sample concentration of the lipid in buffer was 20 mg mL −1 .
Pressure perturbation calorimetry (PPC) measurements were carried out on the VP-DSC calorimeter equipped with MicroCal's (Northampton, MA, USA) PPC accessory. A description of the technique and its potential applications has been placed elsewhere [37 -43] . This still rather novel method allows to measure heat effects induced by small periodic changes of gas pressure (∆p = ±5 bar) above the solution. The physical principle is the same as in a heat-induced thermal expansion, although the measurable is ∆Q, the heat released upon a pressure change of ∆p at temperature T . Knowing the thermal expansion coefficient of the solvent, α 0 , the mass, m, and the partial specific volume of the solute, V , through a series of reference measurements, one can calculate the apparent thermal expansion coefficient of the dissolved particles:
The relative volume change ∆V /V at a phase transition, taking place in the temperature range from T o to T e , can be obtained by integration of α(T ):
Three control and calibration measurements were performed, namely water (sample cell) versus water (reference cell), buffer versus water and buffer versus buffer. The results of these control experiments were fit by second-order polynomials and were used for the evaluation of the coefficient of thermal expansion α(T ) of the lipid/sterol system. From the relative volume changes ∆V /V , the absolute volume changes ∆V can be determined when the specific volume and the molar mass of the sample is known [30, 32, 44] .
Results and Discussion
For all lipid mixtures studied, DSC and PPC scans have been measured for a series of sterol concentrations, ranging from 5 to 36 mol-%. Fig. 2a shows the DSC scans (as stacked plot) of DPPC dispersions containing different concentrations of cholesterol. Pure DPPC displays a sharp transition at the main gel-tofluid transition at T m = 41.5 • C, and a small endothermic peak due to the L β -P β pretransition which appears around 35 • C. For 5 mol-% cholesterol, the transitions broaden and shift towards lower temperatures. The transition enthalpies ∆H decrease concomitantly. As the cholesterol concentration increases to 12 mol-% and higher, the main transition peak intensity decreases and broadens drastically, producing a multicomponent DSC endotherm consisting of a sharp component (arising from the fairly cooperative melting of domains enriched on DPPC) that is progressively reduced in temperature, enthalpy and cooperativity (width), and a broad component that increases in both temperature and enthalpy, but decreases in cooperativity, in agreement with literature data [27 -29] . The DSC thermogram can be interpreted in terms of a transition from a s o +l o two-phase region to an all-fluid l d phase at high temperatures (above ∼55 • C), thereby passing through a l o +l d two-phase region above about 40
• C [23, 24, 27, 29] . Whereas at 30 mol-% cholesterol a weak and broad DSC endotherm is still observed, at 36 mol-% cholesterol, no phase transitions seem to be visible anymore. Fig. 3a shows the DSC data for DPPC/ergosterol. In agreement with data from Hsueh et al. [23] , at 5 mol-% ergosterol, the main transition becomes broadened and shifts toward lower temperature, indicating a s o and l d phase coexistence region. As the ergosterol concentration increases to 22 mol-%, the intensity of the main DSC peak decreases, and the peak position seems to remain essentially unchanged. A broad shoulder appears on the high-temperature side of the sharp peak, also suggesting a l d +l o two-phase region. Where the broad peak ends, the transition to the l d phase occurs. At ergosterol concentrations of 30 mol-% and above, a very broad residual endotherm is observed only, similar to that seen in DPPC-cholesterol MLV.
The DSC thermograms of the systems DPPC/stigmasterol and DPPC/7-DHC exhibit a similar concentration dependence (Figs. 4a, 5a ). For stigmasterol, no sharp component is observed in the DSC thermograms above 12 mol-% sterol, rather a broad DSC peak centered around 40 -41 • C, only. However, there are significant differences in the pattern of thermal events ob- served for the system DPPC/lanosterol (Fig. 6a) at concentrations above 12 mol-%, indicating that the phase behavior of this system is qualitatively different at high sterol concentrations. No pronounced l d +l o phase coexistence region above T m is discernible (see also [7, 29] ). Also for 5 mol-% lanosterol, no pretransitional peak is observed, indicating that lanosterol is more effective at abolishing the pretransition than cholesterol on a molar basis, in agreement with literature data [7, 29] .
Generally, the thermodynamic variables C p and α are directly related to fluctuation parameters. The square average of the enthalpy fluctuations, ∆H 2 , is determined by the heat capacity, C p , of the system, and the covariance between H and V fluctuations, ∆H∆V , is related to the thermal expansion [45] : cane (α = 0.9 10 −3 K −1 ), but an order of magnitude larger than that of water [37] .
With increasing cholesterol concentration, α increases slightly below and -notably, despite the condensing effect cholesterol imposes on fluid bilayersalso above T m (for example, α = 1.25 · 10 −3 K −1 at 20 • C and α = 1.4 · 10 −3 K −1 at 65 • C for 30 mol-% cholesterol in DPPC), whereas the main peak height of α in the transition region decreases and broadens markedly. Figs. 7a and 7b display the α(T )-data in an expanded scale for all sterols at a concentration of 22 and 36 mol-%, respectively. Besides lanosterol, a qualitatively similar behavior of α(T ) is observed for all sterols at a sterol concentration of 22 mol-% (Fig. 7a) . The only significant differences are somewhat larger α-values at the transition maxima. For the system DPPC/lanosterol, the asymmetric peak is broadened and shifted to a ∼8 • C lower temperature, however, and the coefficient of thermal expansion is the largest one below T m . Fig. 7b displays the corresponding PPC data for 36 mol-% sterol. As expected, the α-values have further decreased in the phase transition region. For 7-DHC and ergosterol, the broad transition maxima have shifted to slightly higher temperatures if compared to cholesterol, whereas for lanosterol, again, a shift towards lower temperatures is observed. Notably, no such suppression of the transition is observed for DPPC/36 mol-% stigmasterol. The PPC data for both sterol concentrations indicate that cholesterol is most efficient in suppressing the chain-melting transition of the phospholipid bilayer system.
From an integration of the PPC data over the temperature range where the phase transitions occur, the relative volume changes, ∆V /V , of pure DPPC and the DPPC/sterol mixtures have also been determined (Fig. 8) . While ∆V /V = 0.04 ± 0.007 (4 %), corresponding to an absolute volume change of 29 mL mol −1 , for pure DPPC, ∆V /V is 0.032 ± 0.003 for 5 mol-%, 0.03 ± 0.002 for 12 mol-%, and 0.013 ± 0.005 for 26 mol-% cholesterol, and continues to decrease with increasing sterol concentration, finally reaching ∆V /V = 0.002 ± 0.001 ≈ 0 around 36 mol-% cholesterol. The corresponding width of the overall transition, ∆T 1/2 , increases from about 1 • C for the main transition of pure DPPC to about 13
• C for the DPPC/36 mol-% cholesterol mixture. The volume change associated with the pretransition of pure DPPC is a factor of about 10 smaller than that of the main transition. Fig. 8 shows the relative volume changes, ∆V /V , of pure DPPC and all DPPC/sterol mixtures as a function of the sterol concentration. Qualitatively, a similar, essentially linear behavior is observed for ∆V /V as a function of the sterol concentration for all DPPC/sterol mixtures. Only for the system DPPC/stigmasterol, a saturation behavior seems to occur above 24 mol-%. Notably, a similar behavior has been found for the order parameter profile of DPPC/stigmasterol as a function of sterol concentration [19] .
Concluding Remarks
The focus of this study was to identify and characterize the differential effects of various sterols, including cholesterol, the plant sterols ergosterol and stigmasterol, trans-7-dehydrocholesterol (7-DHC), and lanosterol, the evolutionary precursor of cholesterol, on the volumetric properties of the DPPC bilayer membrane and to relate these effects to the difference in their molecular chemistry (Fig. 1) . To this end, PPC experiments have been carried out that allow determination of the temperature dependence of the expansion coefficient as well as volume changes accompanying lipid phase transitions.
Recent measurements of the lipid acyl-chain order parameter revealed that with increasing side-chain volume of the sterol, the conformational order of the lipid acyl-chains decreases, and an increase in alkyl chain volume has the most drastic effect on the condensing capacity of sterols [19] . The introduction of a double bond in the side chain counteracts this effect, owing to the decreased volume fluctuations in the steroid alkyl chain region. Introduction of a double bond in the ring system leads at low and mediumhigh sterol levels (up to ∼40 mol-%) to a drastic increase in conformational order of the lipid acylchains (compare, e. g. trans-7-dehydrocholesterol with cholesterol), which can indeed be substantially higher than that induced by cholesterol. Additional methyl groups in the ring system of the sterol markedly counteract this rigidifying effect (compare lanosterol with ergosterol). Sterols with the bulkiest unsaturated side chains or sterol nuclei (stigmasterol, lanosterol) induce the smallest order-parameter increase of the fluid bilayer at high sterol concentrations (> 30 mol-%), and hence become less effective rigidifiers at high sterol levels. The difference might also be due to a different solubility/partitioning in the bilayer. Lanosterol is a sterol precursor. Owing to its additional methyl groups in the ring system, its partitioning is much less effective than that of cholesterol at high sterol levels. An important conclusion has been that cholesterol, with its streamlined molecular structure, interacts more effectively with lipid chains and stabilizes the liquidordered state. Interestingly, from an evolution point of view, cholesterol seems to be very efficient in suppressing the chain-melting transition of the phospholipid bilayer system. A marked limitation of the condensing effect is observed for the stigmasterol system having a rather bulky alkyl chain [19] , which is also reflected in volumetric parameters as discussed above.
As shown here, alterations in the sterol structure are also reflected in their thermodynamic properties. Though the overall thermodynamic features of all sterols besides lanosterol seem to be qualitatively similar, minor differences are found, such as in abolishing the pretransition and in the extension of the phase space of the two-phase regions, as indicated by the differences observed in the corresponding DSC and PPC thermograms. For lanosterol, differences in the miscibility and temperature-concentration phase behavior and hence the thermodynamic functions C p (T ) and α(T ) are most obvious when compared to cholesterol and the other sterols.
Generally, the changes in C p (T ) are found to precisely mirror the corresponding α(T ) data, an indication that membrane enthalpy and volume fluctuations (Eqs. 3, 4) have the same molecular origin. Increases in C p (T ) and α(T ) at phase changes are mainly linked to cooperative fluctuations of large numbers of lipid molecules in their physical state [30, 46] . The sharpness of the transition peaks is related to the correlation lengths of these fluctuations, namely the domain sizes of the coexisting phases. With increasing sterol concentration, the widths of both thermodynamic parameters at the chain-melting transitions increase drastically, indicating coupled enthalpy and volume fluctuations with low amplitude by large correlation lengths over an extended temperature region.
The large cross-sectional area of the steroid ring system of lanosterol makes this sterol a more effective spacer than DPPC molecules in the gel-state bilayer, thus relieving the mismatch in the cross-sectional areas of the acyl-chains and the DPPC polar headgroups at lower sterol concentrations more efficiently than cholesterol. Also, the rougher surface of the lanosterol molecule is expected to produce a greater amount of orientational disorder in the adjacent phospholipid's acyl-chains, thus further augmenting the expansion of the DPPC gel-state bilayer, and leading to the markedly larger α-values observed for this system.
